Most of the existing classical CO 2 models fail to reproduce some or many experimental properties such as surface tension, vapor pressure, density, and dielectric constant at difference thermodynamic conditions. Therefore, it we propose a new computational model to capture better structural, dynamical, and thermodynamic properties for CO 2 . By scaling the Lennard-Jones parameters and point charges; three target properties, static dielectric constant, surface tension, and density, were used to fit actual experimental data. Moreover, by constructing a flexible model, effects of polarization might be included by variations of the dipole moment. Several tests were carried out in terms of the vapor-liquid equilibria, surface tensions, and saturated pressures showing good agreement with experiments. Dynamical properties were also studied, such as diffusion coefficients and viscosities at different pressures, and good trends were obtained with experimental data.
Introduction
CO 2 is the major waste contribution of energy production and the most important greenhouse gas leading to global climate change. Since the Industrial Revolution, anthropogenic emissions, primarily from fossil fuels and deforestation, have rapidly increased their concentration in the atmosphere, leading to global warming. Therefore, the capture and retention of CO 2 has become the focus of several studies, not only for scientists but also for engineers. From the experimental point of view, several techniques have been developed [1, 2] , however theoretical approaches have been used, such as computer simulations [3] , as alternatives to study the phenomena. Therefore, from the computer Nowadays, there are several CO 2 models, i.e., force fields, described in the literature. Murthy et al. [4] developed two-and three-site force fields with Lennard-Jones (L-J) interactions that included a point-quadrupole moment located at the center of mass of the molecule. Möller [5] and Fischer presented a force field with two interacting L-J sites with a point-quadrupole, with parameters that fit experimental data of vapor-liquid equilibrium coexistence (VLEC). Vrabec et al. [6] reparametrized the model to improve VLEC. The EPM and EPM2 (elementary physical models), developed by Harris and Yung [7] , are CO 2 force fields widely used with L-J sites and point charges in every atom. The Lennard-Jones parameters of the EPM model were obtained through the production of the internal energy and pressure at temperature of T = 239 K, whereas the parameters of the EPM2 were obtained to reproduce the critical properties. The TraPPE F lex model developed by Potoff and Siepmann [8] was obtained to fit the VLEC of the CO 2 -propane mixture. Another common CO 2 force field, proposed by Potoff et al. [9] , was obtained by modifying the parameters in the attractive term of the interaction potential and it included point charges to adjust the VLEC data.
On the other hand, Zhang and Duan developed a force field with three L-J sites and point charges [10, 11] and Merker et al. [12] reported a force field with three L-J sites with a point-quadrupole represented by three point charges. That model was optimized for VLEC data to obtain 0.4% deviation from the experiments in the saturated liquid density and 1.8% in the vapor pressure. Persson developed a "one-center" force field with a quadrupole for the CO 2 with parameters adjusted to the VLEC data [13] . Ab initio methods have also been used to construct CO 2 force fields, for instance Bock et al. [14] proposed an intermolecular potential with five interacting sites and Bukowski et al. [15] proposed an intermolecular potential from a perturbation theory, however, Bratschi et al. [16] concluded that the VLEC behavior is not accurately represented with those models.
Despite the fact that CO 2 is quite polarizable, polarizability effects are not expected in the thermophysical properties of pure CO 2 . However, in CO 2 mixtures with polar components, like water, the properties may not be exact when using non-polarizable force fields. Vlcek et al. [17] obtained new optimized parameters for a CO 2 -H 2 O mixture using SPC/E water and EPM2 force field, however, the compositions of the CO 2 -rich phase at 348 K were not adequately represented. Recently, Orozco et al. [18] performed MC simulations in the Gibbs ensemble to study the VLEC of the CO 2 -H 2 O mixture. It was found that non-polarizable force fields, such as the TraPPE model [9] , have limitations in the prediction of compositions and densities for steam and liquid phases.
It is worth mentioning that the existing models, using molecular dynamics, reproduce some of the CO 2 properties but they fail to reproduce others, i.e., there is not a CO 2 model that captures most of the actual experimental properties. However, the EPM2 model using Monte Carlo methods captures several properties such as densities, VLEC, and vapor pressures but it does not reproduce surface tension or dielectric constants [7] . Recently, a polarizable model proposed by Jiang et al. [19] with Gaussian charges using Monte Carlo methods reproduced correctly VLEC and vapor pressures and they obtained good dynamical properties, however, they did not calculate surface tensions or dielectric constants.
In the present paper, we propose a new simple flexible CO 2 force field to reproduce better thermodynamic, structural, and dynamical experimental data. The interest of having a flexible model is to study changes in the molecular geometry to search thermodynamic states due to dipole moment variations. A flexible molecule can be obtained with changes in the O-C-O angle, which could modify the dipole moment and consequently produce fluctuations in the dielectric constant.
The remainder of the paper is structured as follows: In "The CO 2 /ε model", the new model for the CO 2 /ε is introduced. In "Parametrization approach", the methodology to obtain the new parameters is described, "Simulation details" shows the simulation details and the results are analyzed in "Results". Conclusions are presented in "Conclusions".
The CO 2 /ε model
Carbon dioxide, CO 2 , is a linear and symmetric molecule with zero dipole moment. The model consists of intra and intermolecular potentials. In fact, in order to have a flexible model, a harmonic potential was included in the intramolecular interaction.
where θ is the angle O-C-O and θ 0 refers to the equilibrium value, k θ is the spring constant. For the intermolecular potential, between two CO 2 molecules, the Lennard-Jones (L-J) and Coulomb interactions are used,
where r is the distance between sites α and β, q α is the electric charge of site α, 0 is the permitivity of vacuum, αβ is the L-J energy scale and σ αβ the repulsive diameter for an α − β pair. The cross interactions between unlike atoms are obtained using the Lorentz-Berthelot mixing rules,
Parametrization approach
Using molecular dynamics (MD) simulations, two CO 2 models, TraPPE F lex (flexible) [18] and EPM2 [7] , were initially tested to evaluate some thermodynamic properties such as surface tension. Then, with the method suggested by Alejandre et al. [20] the surface tension was determined. However, the computational results did not agree well with the experiments. Therefore, in order to improve the actual CO 2 models, a series of molecular dynamics were conducted to find a set of parameters of a CO 2 flexible model to better reproduce the experiments. The procedure started using a CO 2 TraPPE F lex force field following the method of Salas et al. [21] , i.e., by modification of the and σ Lennard-Jones parameters to fit the experimental surface tension and the density. In the same procedure, as Fuentes et al. reported [22] [23] [24] [25] , the site charges were also scaled until the static dielectric constant was improved.
The purpose of the present work is also to build a flexible model, then the harmonic potential constant is also parametrized to increase flexibility, which is linked to the polarity of the molecule and the dielectric constant by the dipole moment.
Simulation details
Molecular dynamic simulations were performed using GROMACS [26] software and the new CO 2 parameters were estimated with three target properties: the static dielectric constant, the surface tension, and density. For the surface tension calculations, a CO 2 slab was located in a parallelepiped cell with dimensions L x = L y = 9.269 nm and L z = 3L x , i.e., the surface area was large enough to avoid any finite size effects [27] and 5324 molecules were used in the simulations. Then, simulations in the NVT ensemble with periodic boundary conditions applied in all three directions were conducted. The equations of motions were solved using the leapfrog algorithm with a time step of 2 fs using the Nose-Hoover thermostat with a parameter of 1.4 and LINCS algorithm to keep bond distances. Electrostatic interactions were handled with the particle mesh Ewald (PME) method [28] with a grid space of 0.35 nm and a spline of order 4. The truncation potential distance was 2.6 nm. Liquid-phase simulations were performed in the isotropic NPT ensemble with a fixed number of molecules, N = 500. The L-J and the real part of electrostatic interactions were truncated at 1 nm, and the PME method was used for the long-range electrostatic part with the following settings: a tolerance of 10 −5 for the real space contribution, a grid spacing of 0.12 nm, and a fourorder interpolation. The energy and pressure corrections [26] implemented in GROMACS were also applied due to the use of a finite cut-off for L-J interactions.
Results
It is already known that the important parameter to modify the surface tension is the L−J parameter [21] . Therefore, simulations at different L−J values, by scaling all L−J parameters, were conducted until the error with the target property was less than 5.6% with respect to the experimental value. The average components of the pressure tensor were obtained for 30 ns after an equilibration period of 5 ns. The corresponding surface tension, γ , for planar interfaces was calculated from the mechanical definition [20] ,
where P αα are the diagonal elements of the microscopic pressure tensor. The factor 1/2 takes into account the two symmetrical interfaces in the system.
In Fig. 1 , the surface tension results of the new CO 2 /ε force field with the other most common models are shown. The figure shows that the new CO 2 /ε force field better describes the experimental surface tension values at different temperatures [31] . In general, the other CO 2 models fail to reproduce the experiments, only the EPM2 has good agreement with experimental data between temperatures T = 260 K and T = 280 K, whereas TraPPE F lex [18] results are even further away from the experiments.
The selection of the charges in the new model was determined by calculation of the dielectric constant obtained by the fluctuations [32] of the total dipole moment M,
where k B is the Boltzmann constant and T is the absolute temperature. The dielectric constant was obtained for long simulations, 40 ns, using isotropic NPT ensemble. The new set of charges were obtained by variation of the original ones, of all atomic sites, until the target property, the dielectric constant [33] was about 22.2% with respect to the TraPPE f lex and it does not cause other properties to be lost. The proper evaluation of the dielectric constant needs long simulations to have the average dipole moment of the system around zero. Results of the dielectric constant at 273.15 K of temperature at different pressures are shown in Fig. 2 where it is observed that the new force field CO2/ε shows better agreement with the experiments [33] .
The reproduction of the dielectric constant shows that the new force field can modify the CO 2 structure in order to capture the change in the dipole moment. [33] With the new L−J and charge values, the σ L−J of all atoms were also scaled to match the density at 50 bar and 280 K of pressure and temperature, respectively, with errors less than 17%. The new parameters of the CO 2 /ε model are indicated in Table 1 . Finally, to have a flexible model, the angular potential was reduced from the original one, using an angular constant of k θ = 500. This value was chosen since it reproduced better the experimental data. For all those last calculations, simulations in the NPT ensemble were carried out with different pressures using Nose-Hoover barostat.
Flexibility of the model was tested at temperature of T = 300 K and pressure of P = 1 bar by measuring the average O-C-O angle over the simulation time, see Table 2 . Table 2 shows that the new model is a little more flexible than the others as a consequence of the reduction of the spring constant, k θ , in the angular potential. In fact, it is observed that the dipole moment increased with respect to the other models by improving the dielectric constant. Since fluctuations in the dipole moment are related with the instantaneous polarization, then the factor G K (Eq. 6) [34] was introduced to calculate the differences in the polarization among the different models studied in the present work,
where M is the total dipole moment of the system, N is the number of molecules, and μ is the dipole moment of a single Table 2 Results at T = 300 K and P = 1 bar for the CO 2 models considered in this work Table 2 . Then the polarizations change in order to improve the dielectric constant Fig. 2 . Based on the optimal point charge approximation of Anandakrishnan et al. [30] described in Fig. 3 , we calculated the dipole and quadrupole moments, using (7) and (8), which describe well these dipole and quadrupole moments of the CO 2 molecule in this context. The values are given in Table 2 .
It is observed that the calculated dipole and quadrupole moments of the CO 2 /ε model are higher than those obtained with the other models. Due to the flexibility of the CO 2 /ε model and the new parameters, the electrostatic moments produce high electrostatic moments. Even though the CO 2 /ε dipolar moment is higher with respect to the other models, all values are small. On the other hand, the quadrupole moment reported in the literature is 4.3 DÅ(1 D = 0.2082 eÅ) [29] and from Table 2 is noted that none of the models has good values, the TraPPE and the EPM2 force fields underestimate the data with an error of 21 and 28%, respectively, whereas the CO 2 /ε overestimate the value with 42% error. However, in order to have similar quadrupole effects of all the models, we keep the CO 2 /ε quadrupole moment per charge the same as given in the other models (see last column in Table 2 ). With this approximation, not only the dielectric constant is improved but also other thermodynamics properties remained. One important property within the chemical engineering community is the calculation of vapor pressures. In Fig. 4 , the results of the vapor pressure calculated with the perpendicular component of the pressure tensor respect to Fig. 3 Graphical representation of CO 2 in gas phase at 300 K and 1 bar of temperature and pressure, respectively; According to the data reported in Table 2 the surface are shown for different CO 2 force fields. It is observed that the new CO 2 /ε describes well the vapor pressure, the EPM2 increases its value from 220 K, and overestimates the experimental value at high temperatures. However, the TraPPE flexible force field overestimates the experimental values. The vapor and liquid densities were calculated with the slab method described above and the results are plotted in Fig. 5 . It is noted that the liquid and vapor branches are well described with the Monte Carlo EPM model [7] . The CO 2 /ε model produces good vapor branch although the liquid line is not as good as the EPM model.
In order to test the new force field at different thermodynamic conditions, calculations of the density as a function of the temperature at different pressures are shown in Fig. 6 . As a general trend, the CO 2 /ε capture the liquid [7] . The continuous line represents the experimental data [31] branch reasonably well at high pressures. However, at high temperatures, different issues are depicted.
The structure of CO 2 is represented by the proposed CO 2 /ε force field and plotted in terms of the pair distribution function (g(r)) in Fig. 7 . It is observed that the CO 2 /ε captures better the first peak indicated by the experiments, i.e., at 0.319 nm very close to the experimental data, 0.332 nm. In fact, there is a second peak around 0.434 nm is close to the experimental value of 0.405 nm, Fig. 8b . It is observed that the second peak of the g(r), is larger than the first one because the experiments show two peaks Nearly in that area. Due to the flexibility of the model, it is possible that the CO2 molecule bents more and therefore the proximity between O-O atoms compare with the C-O could be reproduced by the second peak of the g(r), i.e., the larger number of second nearest neighbors. At large distances, the g(r) of the CO 2 /ε looks more similar than the experimental one.
Experiments of the liquid CO 2 structure were obtained from van Tricht et al. using neutron diffraction experiments [35] .
Dynamical properties were also calculated with the new CO 2 /ε model. In Figs. 8 and 9 , results of the diffusion coefficients as function of the pressure at two different temperatures are shown. At T = 223 K, the CO 2 /ε in general reproduces better the values than the others models respect to the experiments. At T = 298 K, the CO 2 /ε captures well the shape of the experimental data, in particular at low pressures; however, data for all models are not good compared with the experiments. It is important to mention that the size of the simulated system for the diffusion coefficients calculations were big enough to avoid any size effects as indicated in previous works [36] . The diffusion coefficient was obtained from the long-time limit of the mean square displacement according to the Einstein relation [37] ,
where r(t) corresponds to the position vector of the center of mass at time t and the averaging < ... > is performed over both time origins.
Finally, another dynamical property was also calculated, the viscosity (η), and plotted in Fig. 9 . The viscosity was calculated with the Green-Kubo formula (10) , which relates the shear viscosity to the autocorrelation function ACF of the off-diagonal components of the stress tensor P α,β , namely,
(10) Figure 9 shows that the CO 2 /ε model gives the correct tendency with the experiments. 
Conclusions
Comprehensive molecular dynamics simulations were conducted to build a new flexible CO 2 molecule. Then, a series of simulations were carried out to find a new set of parameters for the CO 2 /ε model. The proposed flexible force field captured polarization of the molecule and reproduced correctly the experimental surface tensions, vapor pressures, densities, and the static dielectric constants. Dynamical properties were also calculated, and even though the CO 2 /ε model was not parameterized to reproduce these transport properties, the calculations with the new model are close to the experimental values.
Variation on the -L-J parameter influences interaction between molecules and somehow the internal energy of the system, therefore thermodynamic properties might be modified and this could be the reason why the parameter is the one that corrects the surface tension. On the other hand, σ -L-J affects the size structure and consequently the system density. Electrostatic properties can be altered by point charges and therefore properties such as the static dielectric constant can be modified by adjustment of those charges. It has been shown that changes of L-J parameters and charges can directly affect some properties in order to improve, however they might also influence any others. It could be the reason that in some case some properties are correct, then others can fail in other force fields. In fact, by adjusting parameters, it is hard to reproduce all thermodynamic and dynamical properties of the CO 2 . If some properties are correctly fitted, there are other properties that might be wrong and vice versa, therefore the best selection of parameters is those which capture most of the properties with reasonable experimental error.
Previous works using polarizable models [19] have also shown good results with actual experiments, although they do not calculate surface tensions. Comparisons of the present results with a polarizable model are shown in the supplementary material. There it is observed that our results agree with those data.
On the other hand, force fields using classical potentials fail to reproduce some or many experimental properties such as surface tension, vapor pressure, density, and dielectric constant at different thermodynamic conditions. Therefore, in the present work, a new CO 2 force field has been proposed that reproduces several thermodynamic, structural, and dynamical properties, improving the present classical CO 2 force fields.
It is worthy to mention that appropriate CO 2 force fields can help us to perform more realistic and reliable simulations of actual systems and to understand better the behavior of real phenomena such as CO 2 capture where good models are needed to explore real experiments.
